The ultrasonic inspection of thick-walled welded joint with austenitic weld metal has proven to be a challenge due to its anisotropic microstructure that can promote ultrasonic waves attenuation. This work aimed to optimize the phased array ultrasonic inspection of the thick-walled joint of a 9% Ni steel pipe welded with Ni-based superalloy 625. The development was carried out by CIVA numeric simulation to preview the beam behavior during the inspection of GTAW (Gas Tungsten Arc Welding)/SMAW (Shielded Metal Arc Welding) joint with anisotropic weld metal. To validate the simulation results, experimental tests were performed with a phased array transducer using longitudinal waves on a calibration block withdrawn from the joint. The configuration of low frequency (2.25 MHz), 16 active elements and a scanning angle of 48 • ensured the inspection of the entire joint and the computational simulation proved to be essential for the success of the inspection.
Introduction
Cryogenic 9% Ni steel has been used almost exclusively in the storage and transport of liquefied gases in the form of sheets of small and medium thicknesses. Nevertheless, at the beginning of the decade of 2010, 9% Ni steel found a new application as CO 2 injection equipment in Brazil pre-salt oil and gas wells. Due to the high pressure in these wells (approximately 550 bar/55 MPa), thick 9% Ni steel pipes are being used for the first time in the world [1] .
The ultrasonic inspection with phased array of the thick-walled girth welded joints with an austenitic weld metal, such as a 9% Ni steel pipe welded with nickel superalloy 625 as the filler metal, has been a huge challenge for the oil and gas industry. The weld metal of this type of dissimilar welded joint has an anisotropic structure, which attenuates the ultrasonic waves and diverts the beam, making the establishment of the best inspection conditions extremely difficult and laborious. Many research works [2] [3] [4] [5] [6] have been carried out to describe the influence of the solidification structures and its effect on the propagation of ultrasonic wave. Since the critical defects in this type of joint are mainly found in the root of the weld, due to the corrosive fluid contact in the inner surface of the pipe, it is very important for the ultrasonic inspection to ensure the sizing of defects in this region.
Faced by this situation, our research team began an investigation using numerical simulation to preview the ultrasonic behavior during the inspection of welded joints of 9% Ni high thickness steel pipes with austenitic alloy as the filler metal. The major aim of this work is to establish the best conditions in which to optimize the phased array ultrasonic inspection of welded dissimilar steel tubular joints by drawing up an ultrasonic numeric simulation study and using ES Beam Tool software 4th version from the Eclipse Scientific Company (Canada) and the 11th version of CIVA from the Extende ® Company (France). The simulation was essential, since it would be difficult, costly and time-consuming to obtain the best ultrasonic inspection technique with only experimental procedures. To validate the simulation results and ensure the effectiveness and precision of the inspection, experimental tests were performed using a phased array transducer with longitudinal linear waves on a calibration block, withdrawn from a joint fabricated by GTAW/SMAW welding processes.
The grains in austenitic weld metals grow parallel to the direction of the heat flow, thus forming a dendritic microstructure during cooling. In spite of the heat promoted by the successive welding passes deposition, it is not sufficient to ensure a modification in the structure of the elongated and crystallography-oriented grains formed in the previous welding pass deposition. These grains are approximately vertical along the center of the weld metal and are perpendicular to the fusion line, giving this region an anisotropic structure and a particular symmetry of long austenitic columnar grains [6] .
During welding thermal cycles, austenitic weld metals alloys, such as nickel superalloy 625, do not experience phase transformation, which promotes the extensive growth of columnar grain. These anisotropic grains of the weld metal may promote beam deflection and consequently interfere with defect detection. There are many works [7] [8] [9] that tried to model the deflection that the austenitic weld metal can promote in the propagation of ultrasonic waves. Hirsekorn [10] compared the effect of ultrasonic longitudinal and transversal waves in austenitic weld metals and concluded that the sonic speed and the beam deflection are different according to the scanning incidence angle. For longitudinal waves, the scanning incidence angles, which represent the minimum beam deflection, are between 45 • and 52 • .
The attenuation coefficient α is a parameter composed by the sum of the absorption coefficient α a and the scattering coefficient α s . The energy absorption is affected by the interaction of the ultrasonic wave with the imperfections of the material lattice, while the scattering relies on the grain structure of the material [11] .
The relation between the grain size and wavelength of the weld metal is an important feature that influences the ultrasonic attenuating effect. According to this relation, the beam scattering may be divided into three regimes: Rayleigh (λ >> D), Stochastic (λ ≈ D) and Diffusive (λ << D), where λ is the wavelength and D the grain size. As will be shown in the Results and Discussions, for the settings used in this work, the Rayleigh regime was the best fit. The scattering in a Rayleigh regime is described by Equation (1) [12] :
where a = scattering coefficient; f = frequency. As the attenuation is directly proportional to the frequency of the four powers, decreasing the frequency results in a decrease of the attenuation effect. Flotté and Bittendiebel [13] suggested the use of a frequency that would guarantee the defect sensibility without compromising the attenuation necessary for the inspection. In his work, a 2.25 MHz transducer was used.
In an anisotropic material, the average diameter of the grain will depend on the wave propagation direction and Equation (1) cannot be generalized for all directions in anisotropic media. This observation was also cited by Hirsekorn [10] , who said that the scattering coefficient is also dependent on the beam to grain angle. In addition to the scattering, the inspection might also be affected by reflection and refraction. When the weld metal fiber texture is anisotropic and the base metal has an isotropic fine grain, beam reflections, beam refractions and mode conversion may occur at the fusion line. Volkov et al. [14] described that for scanning incidence angles larger than~30 • , the reflection coefficient of the longitudinal waves is smaller than 0.05, while for vertically polarized transverse waves, this value of reflection was only obtained for angles larger than~60 • .
Increasing the sound pressure is a way to improve the beam response. In this case, it is necessary to provide more energy to promote deeper penetration and a higher reliability of detection. Sound pressure, when the phased array technique is used, relies on the number of active elements, focal distance, propagation angle, ultrasonic speed and transducer frequency. As the number of active elements grows, the sound pressure increases, although it is important to take into consideration the signal-to-noise ratio coming from the inspection of austenitic metals [15] . When the number of active elements decreases, the beam focusing gets diffused and the sonic pressure is reduced, promoting a lower concentration at the analyzed point. On the other hand, when the number of elements is very big, the noise also increases and can hide real defects.
The directivity of the sonic beam and the angle of incidence can be adjusted to maximize the beam convergence (focusing). Lee and Choi [16] described the focalization can reduce the area of dispersion while the echo of discontinuities remains constant, thus resulting in a higher sound pressure and signal-to-noise ratio. The directivity relies on the probe design, which is composed of the number and width of active elements, pitch, frequency and bandwidth.
The results showed that with the proper combination of phased array ultrasonic parameters, it is possible to inspect the HAZ (Heat Affected Zone) and the whole weld metal of thick-walled 9% Ni welded joints, thus providing security for this new application in the Brazilian pre-salt industry.
Materials and Methods

Materials
To develop this work, a 9% Ni steel pipe was used with an 8" (203.2 mm) nominal internal diameter and 1 1 4 " (31. 5 mm) thickness, quenched and tempered as recommended by ASTM A333 grade 8. The pipe was gas tungsten arc welded (GTAW) for root and hot passes and shielded metal arc welded (SMAW) for fill and cap passes. The adopted filler metals were Ni-based superalloy 625 (ERNiCrMo-3/AWS A5.14 and ENiCrMo-3/AWS A5.11 for GTAW and SMAW, respectively). Table 1 shows the specified and analyzed mechanical properties of the base metal and typical values of the mechanical properties of the filler metals and Table 2 shows the specified and analyzed chemical compositions (wt.%) of the base, filler and weld metals, respectively. 
Welding Procedure
The whole welding procedure was monitored by data acquisition equipment (IMC SAP 4.0 System). Figures 1 and 2 show the joint design and the illustration of butt joint weld passes distribution, respectively; Table 3 shows the adopted welding parameters. 
Simulation Procedure
The software CIVA 11th version (Extende ® , Massy, France) was used to simulate the path of the ultrasonic beam through the welded joint. To perform the scanning simulations using linear longitudinal waves, the weld reinforcement was removed to allow direct incidence promoted by the wedge passing over the weld metal, since longitudinal waves work only with a half skip because most of the energy of the incident sonic beam is lost to a converted transverse wave after reflection.
The geometry made in the software was based on a cross-sectional macrograph of the weld joint. Figure 3 shows the weld passes, grouped by blocks with the same characteristic cooling directions and highlighted by a CAD (Computer-Aided Design) drawing overlap. The arrow directions represent the average growth of the dendrites of the weld metal and the arrow senses represent the direction of the temperature gradient. This information is important to define the scanning incidence angles that allow for the least attenuation effect. The root region presented a refined microstructure and it was considered isotropic similar to the base metal. The weld metal was set with the assumption of an orthotropic symmetry and the elastic constant was extracted from the software database, which is presented in Table 4 . Figure 3 also shows a SEM (Scanning Electron Microscope) micrograph of the HAZ near to the fusion line. 
The geometry made in the software was based on a cross-sectional macrograph of the weld joint. Figure 3 shows the weld passes, grouped by blocks with the same characteristic cooling directions and highlighted by a CAD (Computer-Aided Design) drawing overlap. The arrow directions represent the average growth of the dendrites of the weld metal and the arrow senses represent the direction of the temperature gradient. This information is important to define the scanning incidence angles that allow for the least attenuation effect. The root region presented a refined microstructure and it was considered isotropic similar to the base metal. The weld metal was set with the assumption of an orthotropic symmetry and the elastic constant was extracted from the software database, which is presented in Table 4 . C11  C22  C33  C23  C13  C12  C44  C55  C66   250  250  250  138  180  112  117  91  70 After determining the scanning angles (45 • , 48 • and 52 • ), the software ES Beam Tool was to used preview the ultrasonic beam scanning with different indexes and number of elements, aiming to verify whether these parameters would ensure the coverage of the whole target region (weld metal). The beam opening was projected through the transversal welded joint section. The scanning previews for 45 • , 16 active elements and indexes 10, 23, 35 and 48 mm are presented in Figure 4 . The same analysis was made for angles of 48 • and 52 • . The final definition of the scanning incidence angles, number of active elements and indexes used in the CIVA simulation are described in the Table 5 . 
Inspection Procedure
For inspection procedures, a phased array device, Omniscan MX2 32-128 (Olympus, Tokyo, Japan) [20] , a wedge SA32-N60L-IHC (Olympus, Tokyo, Japan) and a phased array transducer 2.25L32-A32 with frequency of 2.25 MHz and 32 active elements (maximum capacity) (Olympus, Tokyo, Japan) were used. The sonic speed and the sonic attenuation of the material were obtained through the calibration blocks. The transducer was positioned over the analyzed region and the speed was adjusted until the material's real thickness was found. For attenuation, the gain between two The final definition of the scanning incidence angles, number of active elements and indexes used in the CIVA simulation are described in the Table 5 . 
For inspection procedures, a phased array device, Omniscan MX2 32-128 (Olympus, Tokyo, Japan) [20] , a wedge SA32-N60L-IHC (Olympus, Tokyo, Japan) and a phased array transducer 2.25L32-A32 with frequency of 2.25 MHz and 32 active elements (maximum capacity) (Olympus, Tokyo, Japan) were used. The sonic speed and the sonic attenuation of the material were obtained through the calibration blocks. The transducer was positioned over the analyzed region and the speed was adjusted until the material's real thickness was found. For attenuation, the gain between two consecutive echoes was measured. The speed and the attenuation were evaluated in the middle of the weld metal and in the base metal. These values were obtained using a standard ultrasound transducer with no angulation (0 • ).
Since the CIVA simulation highlighted the best results for 16 active elements, taking into consideration the attenuation and the beam coverage, the other conditions (24 and 32 active elements) were dismissed. Table 6 presents the final configurations used in the experimental tests. 
Results and Discussions
Beam Attenuation
When the grains of the weld metal are randomly oriented and small enough when compared to the wavelength, its microstructure does not interfere with its acoustic properties. However, when there are coarse crystallography-oriented grains, the sound propagation is affected by the deviation of the ultrasonic beam, resulting in a worse signal-to-noise ratio. These factors cause an increase in the difficulty of the interpretation of the ultrasonic signal, which ends up being reflected in the loss of accuracy of the location and the dimensioning of the defects, thus making it difficult to distinguish between real defects and false indications [12] .
In previews tests with longitudinal and transversal waves, the sonic attenuation and sonic speed were verified in the base metal and in the weld metal. Table 7 summarizes the values obtained. Due to the less attenuation, the longitudinal waves were chosen to develop this work. For longitudinal waves with a sonic speed of 5840 m/s and a frequency of 2.25 MHz, the wavelength (λ) is approximately 2595 µm, which is considerably larger than the average grain size of the weld metal (94.6 µm) and the average grain size in the fusion line (158 µm), thus agreeing with Rayleigh beam scattering (λ >> D). Figure 5 shows the distribution, size and orientation of the grains, produced by EBSD (Electron Backscatter Diffraction) analysis in the center of the weld metal and near to the fusion boundary. These two regions were chosen to show the anisotropy along the metal and the epitaxial growth behavior of the grain next to the fusion line.
wavelength The EBSD is a microstructural and crystallographic characterization technique used to identify the grain morphology, grain orientation, phased, texture and deformation of polycrystalline materials. The analysis is conducted by an EBSD detector attached to SEM.
Simulation
The ultrasonic beam and its attenuation are represented by the pink color and the blue region depicts a collimated ultrasonic beam with high sonic pressure. The results of the linear scanning with longitudinal wave and scanning angle of 45°; the results for different active elements are presented in Figure 6 . The EBSD is a microstructural and crystallographic characterization technique used to identify the grain morphology, grain orientation, phased, texture and deformation of polycrystalline materials. The analysis is conducted by an EBSD detector attached to SEM.
The ultrasonic beam and its attenuation are represented by the pink color and the blue region depicts a collimated ultrasonic beam with high sonic pressure. The results of the linear scanning with longitudinal wave and scanning angle of 45 • ; the results for different active elements are presented in Figure 6 . The EBSD is a microstructural and crystallographic characterization technique used to identify the grain morphology, grain orientation, phased, texture and deformation of polycrystalline materials. The analysis is conducted by an EBSD detector attached to SEM.
The ultrasonic beam and its attenuation are represented by the pink color and the blue region depicts a collimated ultrasonic beam with high sonic pressure. The results of the linear scanning with longitudinal wave and scanning angle of 45°; the results for different active elements are presented in Figure 6 . Figure 6a shows the ultrasonic beam passing through the weld metal with little attenuation and concentration near the weld cap. As the number of active elements grows, the attenuation effect intensifies, as seen in Figure 6b ,c, which used 24 and 32 elements, respectively.
As expressed in theory [15] , as the number of active elements grows, the sound pressure increases. However, it is important to take into consideration the signal-to-noise ratio coming from Figure 6a shows the ultrasonic beam passing through the weld metal with little attenuation and concentration near the weld cap. As the number of active elements grows, the attenuation effect intensifies, as seen in Figure 6b ,c, which used 24 and 32 elements, respectively.
As expressed in theory [15] , as the number of active elements grows, the sound pressure increases. However, it is important to take into consideration the signal-to-noise ratio coming from the inspection of austenitic metal. The phased array ultrasonic generates a group of delayed waves, controlled by the focal law, which propagates a maximized wave front into the austenitic microstructure. The different microstructures, grain sizes and grain orientations between the base (9% Ni steel) and weld (Ni-based superalloy 625) metals might cause a deviation of the waves generated by each activated element, which causes backscattering signals from the microstructure noise. Thus, the relation between sonic pressure and the signal-to-noise ratio must be analyzed for each focal law.
The analysis of the simulation with 16 active elements for a linear 45 • angled beam demonstrates a good sound pressure and low attenuation of the beam inside the welded joint. From these results, the scanning indexes were varied, aiming to cover the whole weld metal (Figure 7) . noise. Thus, the relation between sonic pressure and the signal-to-noise ratio must be analyzed for each focal law. The analysis of the simulation with 16 active elements for a linear 45° angled beam demonstrates a good sound pressure and low attenuation of the beam inside the welded joint. From these results, the scanning indexes were varied, aiming to cover the whole weld metal (Figure 7 ). The results of Figure 7a show high coverage on the weld bevel with low divergence and the sonic beam extends to the root region. In Figure 7b , the beam covered most of the weld metal, demonstrating a low divergence at the index of 23 mm. To cover the welded joint, 2 more indexes were made, as shown in Figure 7c ,d, where the beam does not show attenuation or divergence.
The results of linear scanning with a longitudinal wave and a scanning angle of 48° are presented in Figure 8 . The results of Figure 7a show high coverage on the weld bevel with low divergence and the sonic beam extends to the root region. In Figure 7b , the beam covered most of the weld metal, demonstrating a low divergence at the index of 23 mm. To cover the welded joint, 2 more indexes were made, as shown in Figure 7c ,d, where the beam does not show attenuation or divergence.
The results of linear scanning with a longitudinal wave and a scanning angle of 48 • are presented in Figure 8 . Figure 8a shows the 16 active elements of ultrasonic beam passing through the weld metal with little attenuation. As the number of active elements grows, the attenuation effect intensifies, as seen in Figure 8b ,c, the values of which were obtained with 24 and 32 elements, respectively. As made for the scanning angle of 45 • , the indexes ware varied and aimed to cover the whole weld metal. The results are shown in Figure 9 . For an index of 8 mm, the sonic beam has low divergence and shows high coverage of the fusion line in the root region (Figure 9a ). In Figure 9b , the beam covers most of the welded joint with low divergence for an index of 22 mm. To cover all of the welded joint, more than two indexes were made (Figure 9c,d) . Using scanning indexes of 8 mm, 22 mm, 35 mm and 49 mm, it was possible to cover the whole welded joint. It may also be noted that there is excessive collimation in Figure 9b -d, which can oversize the defects.
The results of Figure 7a show high coverage on the weld bevel with low divergence and the sonic beam extends to the root region. In Figure 7b , the beam covered most of the weld metal, demonstrating a low divergence at the index of 23 mm. To cover the welded joint, 2 more indexes were made, as shown in Figure 7c,d, where the beam does not show attenuation or divergence. The results of linear scanning with a longitudinal wave and a scanning angle of 48° are presented in Figure 8 . the scanning angle of 45°, the indexes ware varied and aimed to cover the whole weld metal. The results are shown in Figure 9 . For an index of 8 mm, the sonic beam has low divergence and shows high coverage of the fusion line in the root region (Figure 9a ). In Figure 9b , the beam covers most of the welded joint with low divergence for an index of 22 mm. To cover all of the welded joint, more than two indexes were made (Figure 9c,d ). Using scanning indexes of 8 mm, 22 mm, 35 mm and 49 mm, it was possible to cover the whole welded joint. It may also be noted that there is excessive collimation in Figure 9b -d, which can oversize the defects. Another linear beam angle analyzed was 52°, which was observed for the same number of active elements. Even the result of the 16 active elements showed a good coverage and the image shows a divergence of the beam angle direction and attenuation of some areas near the root. The results of the linear scanning with angle 52° are presented in Figure 10 . Another linear beam angle analyzed was 52 • , which was observed for the same number of active elements. Even the result of the 16 active elements showed a good coverage and the image shows a divergence of the beam angle direction and attenuation of some areas near the root. The results of the linear scanning with angle 52 • are presented in Figure 10 .
As the number of active elements grows from 24 to 32 (Figure 10b,c) , the attenuation effect intensifies. The same methodology was made for this angle by choosing 16 active elements for the different scanning index analyses (Figure 11 ). More points of attenuation are visible near the centerline of the welded joint and the beam shows a divergence with indexes of 3 and 18 mm (Figure 11a,b) . To cover all of the welded joint, it was necessary to insert 2 more indexes: 32 mm and 46 mm. The first one expressed a good behavior of the ultrasonic beam ( Figure 11c) ; the second one (Figure 11d Another linear beam angle analyzed was 52°, which was observed for the same number of active elements. Even the result of the 16 active elements showed a good coverage and the image shows a divergence of the beam angle direction and attenuation of some areas near the root. The results of the linear scanning with angle 52° are presented in Figure 10 . As the number of active elements grows from 24 to 32 (Figure 10b,c) , the attenuation effect intensifies. The same methodology was made for this angle by choosing 16 active elements for the different scanning index analyses ( Figure 11 ). More points of attenuation are visible near the Angles outside the range of 40°-50° may promote significant beam attenuation, especially for austenitic metals, such as the Ni-based superalloy 625. In case of misunderstanding the metal microstructure, the scan parameters can be erroneously selected and because of that, the estimated discontinuity size detected by ultrasonic inspection may not coincide with its real size or real position in the weld metal. Table 8 shows the simulation results summarized. Angles outside the range of 40 • -50 • may promote significant beam attenuation, especially for austenitic metals, such as the Ni-based superalloy 625. In case of misunderstanding the metal microstructure, the scan parameters can be erroneously selected and because of that, the estimated discontinuity size detected by ultrasonic inspection may not coincide with its real size or real position in the weld metal. Table 8 shows the simulation results summarized. Beam divergence was observed in the centerline of the weld for indexes of 3 and 18 mm. For 32 and 46 mm, the attenuation and divergence were low.
Experimentation
The experimental tests were performed using the results obtained in the 16 active elements of CIVA simulation, so that the results of both techniques could be compared. The calibration block was withdrawn from the GTAW/SMAW welded joint. The weld reinforcement was removed and 3 through-holes with a 2.25 mm diameter were machined, as recommended by ASME Section V-article 4. The simulation of sensitivity calibration with longitudinal waves in the calibration block is shown in Figure 12 . through-holes with a 2.25 mm diameter were machined, as recommended by ASME Section V-article 4. The simulation of sensitivity calibration with longitudinal waves in the calibration block is shown in Figure 12 . Figure 12 . Simulation of sensitivity calibration with longitudinal waves in the calibration block, withdrawn from the 9% Ni quenched and tempered steel pipe joint welded with GTAW and SMAW processes using Ni-based superalloy 625 as the filler metal.
The transducer wedge was positioned on the calibration block to allow the sonic beam to strike over the third hole, near the root of the welded joint. For ultrasonic scanning with an angle of 45° and 16 active elements, the gain from the third hole reflection was 50 dB (Figure 13 ). The transducer wedge was positioned on the calibration block to allow the sonic beam to strike over the third hole, near the root of the welded joint. For ultrasonic scanning with an angle of 45 • and 16 active elements, the gain from the third hole reflection was 50 dB (Figure 13 ).
The echo from the third hole was maximized to 80% of the screen height, as indicated in Figure 14 . After tracing the TCG (Time Corrected Gain) in the extension, it was necessary to inspect the weld metal with 3 holes and the primary gain was 22.8 dB.
The TCG setting was performed according to ASME V [21] using the calibration block, which was withdrawn from the 9% Ni steel joint, to equalize the sensitivity of all focal laws for defects located in different depths from the surface of the inspected piece. The TCG is corrected in time so that the reflectors (defects) have equal amplitudes for all sonic path distances, which compensates for the attenuation inside the material and inside the wedge. Figure 12 . Simulation of sensitivity calibration with longitudinal waves in the calibration block, withdrawn from the 9% Ni quenched and tempered steel pipe joint welded with GTAW and SMAW processes using Ni-based superalloy 625 as the filler metal.
The transducer wedge was positioned on the calibration block to allow the sonic beam to strike over the third hole, near the root of the welded joint. For ultrasonic scanning with an angle of 45° and 16 active elements, the gain from the third hole reflection was 50 dB (Figure 13 ). The echo from the third hole was maximized to 80% of the screen height, as indicated in Figure  14 . After tracing the TCG (Time Corrected Gain) in the extension, it was necessary to inspect the weld metal with 3 holes and the primary gain was 22.8 dB.
The TCG setting was performed according to ASME V [21] using the calibration block, which was withdrawn from the 9% Ni steel joint, to equalize the sensitivity of all focal laws for defects located in different depths from the surface of the inspected piece. The TCG is corrected in time so that the reflectors (defects) have equal amplitudes for all sonic path distances, which compensates for the attenuation inside the material and inside the wedge. For the ultrasonic scanning with angle of 48° and 16 active elements, the gain from the third hole reflection was 40.1 dB and the primary gain was 22.6 dB, as shown in Figures 15 and 16 . For the ultrasonic scanning with angle of 48 • and 16 active elements, the gain from the third hole reflection was 40.1 dB and the primary gain was 22.6 dB, as shown in Figures 15 and 16 . For the ultrasonic scanning with angle of 48° and 16 active elements, the gain from the third hole reflection was 40.1 dB and the primary gain was 22.6 dB, as shown in Figures 15 and 16 . Finally, for ultrasonic scanning with an angle of 52° and 16 active elements, the gain from the third hole reflection was 40.8 dB and the primary gain was 27.2 dB, as shown in Figures 17 and 18 . During the scanning procedure, the greater the material attenuation, the greater the gain added to the signal should be to allow for a proper inspection. From that point of view, the best scanning angle for the inspection of the 9% Ni steel pipe joint SMAW welded with Ni-based superalloy 625 is 48° because the primary gains from the third hole after the TCG adjustment were lowest when compared to 45° and 52°, as seen in Table 9 . Very high gain can increase the noise, thus reducing the ratio signal-to-noise and an angle of 48° presented the best signal amplitude response. During the scanning procedure, the greater the material attenuation, the greater the gain added to the signal should be to allow for a proper inspection. From that point of view, the best scanning angle for the inspection of the 9% Ni steel pipe joint SMAW welded with Ni-based superalloy 625 is 48° because the primary gains from the third hole after the TCG adjustment were lowest when compared to 45° and 52°, as seen in Table 9 . Very high gain can increase the noise, thus reducing the ratio signal-to-noise and an angle of 48° presented the best signal amplitude response. During the scanning procedure, the greater the material attenuation, the greater the gain added to the signal should be to allow for a proper inspection. From that point of view, the best scanning angle for the inspection of the 9% Ni steel pipe joint SMAW welded with Ni-based superalloy 625 is 48 • because the primary gains from the third hole after the TCG adjustment were lowest when compared to 45 • and 52 • , as seen in Table 9 . Very high gain can increase the noise, thus reducing the ratio signal-to-noise and an angle of 48 • presented the best signal amplitude response. Comparing the CIVA simulations and the experimentation tests with angles of 45 • , 48 • and 52 • , the differences among the amplitudes are clear. Greater amplitude was necessary to correct the TCG for the angle 52 • because of the beam deflection and attenuation. The angles of 45 • and 48 • promoted minimum beam deflection during propagation, which was confirmed by experiments in the block verification for these two focal laws, as shown in Figures 13 and 15 . In these figures, the maximizations of the echo to 80% show low noise levels and a clear definition of the whole amplitude.
The difference between simulations with 16, 24 and 32 active elements demonstrated that the number of active elements affects the sound pressure, the directivity, the signal-to-noise ratio and the beam attenuation, which meets the observations of Freitas [15] . The results for 16 active elements demonstrate a good sound pressure, low beam divergence and good coverage of the welded joint, which were caused by the better signal-to-noise ratio.
With respect to frequency, the experimental tests confirmed the CIVA simulations, showing that the frequency of 2.25 MHz allowed for a good penetration of the beam into the welded joint with minimal deviation, which matched the theory proposed by Neumann [3] , who said that the noise generated by the grains increases with transducer frequency. The 2.25 MHz transducer used in this work has a design with a linear arrangement of 1.0 mm element pitch and 32 mm active aperture. This arrangement was reflected in a good wave front and guaranteed good sound pressure and great directivity.
As presented by Hirsekorn [10] to optimize the angle of inspection, we need to take into account the scattering of the wave in the weld metal for higher beam to grain angles. For lower angles, the effect of attenuation caused by reflection at the boundary between isotropic and anisotropic material is predominant. As the inspection was made using a longitudinal wave with the ultrasonic beam propagating directly in the weld metal, the scattering effect in attenuation has a major impact, which explains the worse results that were found when the angle of more elevated incidence was used.
As shown by Hirsekorn [10] to optimize the inspection angle, it is necessary to take into account 2 phenomena: Wave scattering in the weld metal and reflection of the wave in the fusion line. For larger angles, the scattering of the wave in the weld metal is more pronounced. For lower angles, the attenuation effect caused by the reflection at the border between isotropic and anisotropic materials is predominant. However, as the inspection was performed using a longitudinal wave with the ultrasonic beam propagating directly in the weld metal without passing through the fusion line, the scattering phenomenon has a greater effect in wave attenuation, which explains the worse results found when the greater angle of incidence was used.
In sum, the combination of the longitudinal wave, linear scanning, frequency of 2.25 MHz, transducer with 1.0 mm pitch, 16 active elements and angles of 45 • or 48 • made a viable austenitic metal inspection with minimum ultrasonic beam divergence and a good defect size measurement. However, the angle of 48 • showed the best results. Lastly, the inspection of the welded joint between 9% Ni steel (ASTM A333 gr. 8) and Ni-based superalloy 625 is practicable but it is necessary to set up the appropriate phased array parameters.
Conclusions
•
For linear inspection simulations with longitudinal waves, scanning angles of 45 • and 48 • showed the best results, with minimum beam divergence and high sonic pressure along the welded region.
• Numerical simulation presents high divergence and attenuation using an angle of 52 • , for linear inspection simulations with longitudinal waves, evidencing regions where the sonic energy is absorbed by the austenitic weld metal.
The configuration with 16 active elements proved to be the most effective scanning technique, covering a large volume of the weld, including the root region, with the same scanning index and maintaining good sonic pressure and directivity of the beam.
According to the CIVA simulation, the optimized configuration showed that the configuration of low frequency (2.25 MHz), 16 active elements, linear scan and angles of 45 • and 48 • are recommended to inspect root and filler regions. In this case, at least three scanning indexes were necessary to ensure the inspection of the entire volume of the welded joint.
• Experimental tests showed that inspection with longitudinal waves, using angles of 45 • and 48 • , allowed the detection of the 3 holes located in the fusion line of the calibration block. However, the scanning incidence angle of 48 • showed better results, since the primary gains from the third hole and after the TCG adjustment were the lowest when compared to 45 • and 52 • .
The comparison between the simulation and the experimental tests demonstrated the potential of the simulation CIVA to establish the best conditions to optimize the phased array ultrasonic inspection of welded dissimilar steel tubular joints.
The most important outcome of this work is to enable the inspection of the HAZ and the whole weld metal of thick-walled 9% Ni welded joints by choosing the proper combination of phased array ultrasonic parameters. Because of the groundbreaking application, an ultrasonic inspection procedure had not been established before the one obtained in this work.
